Abstract Schlemm's canal (SC) endothelial cells are likely important in the physiology and pathophysiology of the aqueous drainage system of the eye, particularly in glaucoma. The mechanical stiffness of these cells determines, in part, the extent to which they can support a pressure gradient and thus can be used to place limits on the flow resistance that this layer can generate in the eye. However, little is known about the biomechanical properties of SC endothelial cells. Our goal in this study was to estimate the effective Young's modulus of elasticity of normal SC cells. To do so, we combined magnetic pulling cytometry of isolated cultured human SC cells with finite element modeling of the mechanical response of the cell to traction forces applied by adherent beads. Preliminary work showed that the immersion angles of beads attached to the SC cells had a major influence on bead response; therefore, we also measured bead immersion angle by confocal microscopy, using an empirical technique to correct for axial distortion of the confocal images. Our results showed that the upper bound for the effective Young's modulus of elasticity of the cultured SC cells examined in this study, in central, non-nuclear regions, ranged between
1,007 and 3,053 Pa, which is similar to, although somewhat larger than values that have been measured for other endothelial cell types. We compared these values to estimates of the modulus of primate SC cells in vivo, based on images of these cells under pressure loading, and found good agreement at low intraocular pressure (8-15 mm Hg). However, increasing intraocular pressure (22-30 mm Hg) appeared to cause a significant increase in the modulus of these cells. These moduli can be used to estimate the extent to which SC cells deform in response to the pressure drop across the inner wall endothelium and thereby estimate the extent to which they can generate outflow resistance.
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Introduction
Glaucoma describes a group of potentially blinding ocular disorders. Recent work estimates that worldwide there will be approximately 60.5 million people with glaucoma in 2010, increasing to 79.6 million by 2020; of these, 8.4 million will be bilaterally blind by 2010, increasing to 11.2 million by 2020 (Quigley and Broman 2006) . The primary risk factor for the development of vision loss in glaucoma is elevated pressure within the eye (intraocular pressure, or IOP), and lowering of IOP is currently the only therapeutic option with proven efficacy (Kass et al. 2002) . IOP is generated as aqueous humor drains out of the eye against the hydrodynamic resistance of a series of specialized tissues. Most causes of elevated IOP leading to glaucoma are due to an increase in flow resistance of these tissues, and there is therefore great interest in understanding the biomechanics of aqueous humor drainage.
D. Zeng et al. The biomechanical situation of SC cells is different from that of vascular endothelium, which is subject to a pressure gradient in the apical to basal direction. The connective tissue underlying vascular endothelium can support the load generated by this gradient, and thus vascular endothelial cells do not have to support the entire radial and circumferential loads generated by lumenal pressure. This is not the case for the endothelium of Schlemm's canal, since the aqueous humor flows in a basal to apical fashion leading to a pressure gradient in the opposite direction from that for vascular endothelium. Thus, SC cells must directly support a transcellular pressure difference, suggesting that the flow resistance of this layer may be small and limited by its mechanical strength. This appears to be inconsistent with the work of some groups, who have proposed that this cellular lining is directly responsible for generating a significant fraction of outflow resistance (Underwood et al. 1999; Burke et al. 2002; Alvarado et al. 2005) .
Based upon these considerations, the mechanical properties of the cells of the inner wall of Schlemm's canal are likely important in aqueous humor drainage, and the stiffness of these cells, particularly an upper bound of this stiffness, is important to determining a limit on the flow resistance that SC endothelium might generate. Thus, our goal in this work is to measure the mechanical stiffness of SC inner wall cells in human eyes with emphasis on finding an upper bound. The results will be used in later studies to determine how large of a pressure drop can be supported across the inner wall of Schlemm's canal.
Materials and methods

Overview
A variety of techniques are available for measuring cellular stiffness, including atomic force microscopy (Sato et al. 2004; Schrot et al. 2005; Costa et al. 2006) , micropipette aspiration (Deguchi et al. 2005) , optical trapping (Henon et al. 1999 ), microplate compression (Caille et al. 2002 , and magnetic bead twisting/pulling (Wang and Ingber 1995; Laurent et al. 2002; Karcher et al. 2003; Feneberg et al. 2004; Matthews et al. 2004; Overby et al. 2005) . In this study, we used magnetic bead pulling due to its reliability and comparative simplicity. Paramagnetic beads coated with RGD peptide were bound to sub-confluent SC cells. A magnetic force of 800 pN was applied by a micro-needle for 3-4 s during which time movement of the beads were recorded
